Background/Aims: Mitochondrial perturbation is a well-established cause of cognitive decline, but as yet it is unclear how mitochondria-associated neuronal abnormalities in type 1 diabetic (T1DM) brain contribute to cognitive decline. Methods: The streptozotocin (STZ)-induced mouse model of T1DM was used. The Morris water maze test was applied to assess the effect of T1DM on learning and memory. We detected changes in mitochondrial morphology, function and dynamics. Furthermore, we employed metabolomic analysis to reveal the underlying mechanisms of mitochondrial perturbation which contribute to cognitive decline. Results: Our results show that T1DM impairs mitochondrial dynamics, morphology and function in neurons, associated with a decline in cognitive ability. Metabolomic analyses revealed that T1DM mainly affects metabolic pathways involved in mitochondrial energy failure and impairs the antioxidative system. Conclusion: These results lay the basis for understanding the underlying mitochondria-associated causes of T1DM-associated cognitive decline and may provide a potential treatment strategy for this condition in future.
Introduction
The prevalence of diabetes mellitus (DM) worldwide has been projected to be 366 million by 2030 according to the World Health Organization (WHO) [1] . As two major subtypes of DM, type 1 diabetes (T1DM) and type 2 diabetes (T2DM) account for approximately 7-12% and 87-91% of all diabetic cases respectively [2] . The main feature of T1DM is hyperglycemia and hypoinsulinemia, T2DM is hyperglycemia and insulin resistance. In recent years, there have been major reports suggesting that DM can affect cognitive function [3] [4] [5] , and that STZ injection to assess spatial learning and memory. The MWM test used a circular pool (diameter: 180 cm; height: 50 cm) filled with water at 24 ± 1°C. A transparent escape platform (diameter: 8 cm) was submerged 1 cm beneath the water and placed at a fixed position at the center of one of the quadrants. The task was performed as described previously [20] . Briefly, in the acquisition phase (days [1] [2] [3] [4] [5] , all rats underwent four trials per day with a 10 min intertrial interval, for 5 consecutive training days. Four starting positions, equally spaced along the circumference of the pool, were randomized across the four trials each day. If a rat did not reach the platform within 60 s, it was gently guided there and was allowed to remain on it for 15 s before being returned to its home cage. The time taken to search for the transparent platform was recorded as the escape latency. On day 6, a probe trial was performed to assess spatial memory retention. During this trial, rats were allowed to swim freely for 60 s, but no platform was present. The time spent in the target quadrant where the escape platform had been located during the acquisition trial was calculated and the number of times that the rat crossed over the target quadrant was also recorded.
Transmission electron microscope (TEM) examination
The ultrastructure of cells in the hippocampal CA1 region was observed using a TEM (Philips, Amsterdam, Netherlands). Animals were anesthetized with 10% (v/v) choral hydrate (0.4 ml/10 g, intraperitoneally). After removing the skull, the brains were rapidly removed and placed on ice. The CA1 region of the hippocampus was dissected. Specimens were fixed by immersion in 3% (v/v) buffered glutaraldehyde, then in 1% (v/v) osmium tetroxide. Samples were dehydrated in ascending grades of ethanol, embedded in Epon 812, and five random sections were examined under the TEM. Photos were taken of every section, yielding at least 100-200 mitochondria per rat for the morphometry assay analysis. The images (final viewing magnification was approximately 25, 000×) were analyzed using Image Pro Plus 6.0. The TEM operators were blind to the experimental groups of the samples. Mitochondria were analyzed only in the synapses and not in the somata. Synapses were identified by the presence of three or more synaptic vesicles at the presynaptic terminal, parallel pre-and post-synaptic membranes with a discernable synaptic cleft, and a postsynaptic density. The criteria for identifying mitochondria were the presence of distinctive cristae and a double membrane. Then the parameters of mitochondria were quantified by a stereological method [21] [22] [23] [24] , including the volume density (Vv), the numeric density (Nv), and the specific surface area (δ).
where i represents the number of photos; Ax represents the area of the mitochondrial cross-sections; Ar represents the area of the reference strain; Nx represents the number of mitochondrial cross-sections; and Bx represents the perimeter of the mitochondrial cross-sections.
Measurement of mitochondrial function
Mitochondrial fractions of hippocampal tissue were prepared using the Mitochondria Isolation Kit (Beyotime Biotechnology, Jiangsu, China). Briefly, hippocampal tissues were immediately removed and washed by phosphate buffered saline (PBS). Then the tissues were homogenized with the isolation buffer on ice, and centrifugated at 1000 g for 5 min at 4 °C. The supernatant was centrifuged again at 3500 g for 10 min at 4 °C to obtain the mitochondrial fractions (deposition). Activities of respiratory chain complex I were measured by NADH-ubiquinone oxidoreductase methods [25, 26] . Mitochondria samples (0.5 mg/ml, 20 μl) were added to 165 μl of reaction buffer (50 Quantitative real-time PCR Total RNA was extracted from hippocampal tissue using RNAprep Pure Tissue Kit with DNase treatment (Tiangren Biotech, Beijing, China). 1μg of total RNA was reverse transcribed using PrimeScript™ RT reagent Kit (TaKaRa, Beijing, China) according to the manufacturer's instructions. The primers (DNA sequence 5'-3') were as follows: for Opa1, forward ACCTTGCCAGTTTAGCTCCC and reverse TTGGGACCTGCAGTGAAGAA; for Mfn 2, forward TGCACCGCCATATAGAGGAAG and reverse TCTGCAGTGAACTGGCAATG; For Drp1, forward ATGCCAGCAAGTCCACAGAA and reverse TGTTCTCGGGCAGACAGTTT; For GAPDH, forward TTCCCGTTCAGCTCTGGG and reverse CCCTGCATCCACTGGTGC. All samples were normalized to GAPDH (forward TTCCCGTTCAGCTCTGGG and reverse CCCTGCATCCACTGGTGC). Quantitative real-time PCR amplifications were carried out in a reaction volume of 25 µl on a real-time PCR instrument (Lightcycler 96 ，Roche). The 25-µl PCR mix was composed of 12.5 µl of SYBR PremixEx Taq Ⅱ(TaKaRa, Beijing, China), 1.0 µl of each amplification primer (10 pmol/µl), 8.5 µl of nucleic acid-free water (TaKaRa, Beijing, China) and 2 µl of extract. The thermal cycling comprised an initial denaturing and polymerase hot-start activating step of 3 min at 95 °C, followed by 40 repeated cycles of 95 °C for 5 s and 60 °C for 30 s. Melting curves were constructed by increasing the final temperature from 60 to 95 °C. All the samples were analyzed in triplicate, and each assay was repeated three times. Each T1DM sample is compared with the 6 controls. Data were analyzed utilizing the comparative cycle threshold (Ct) method (ΔΔCt). Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were followed [27] .
Flow cytometry of isolated mitochondria
Flow cytometry of isolated mitochondria was measured as previously described [28, 29] . Briefly, mitochondria (25 μg) of hippocampal tissue were re-suspended in M Buffer (220 mM sucrose, 68 mM mannitol, 10 mM KCl, 5 mM KH 2 PO 4 , 2 mM MgCl 2 , 500 μM ethylene glycol tetraacetic acid, 5 mM succinate, 2 μM rotenone, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.2, 0.1% fatty acid-free bovine serum albumin [BSA] ). For labelling with antibodies, mitochondria were first blocked with M buffer supplemented with 10% fatty acid-free BSA for 15 min at 4°C. Mitochondria were then incubated with primary antibody (Drp1, cat. ab56788, 1:100; Abcam; phosphorylation of Drp1 at Serine position 616 (p-Drp1, cat. 3455s, 1:100; Cell Signaling) for 30 min at 4°C, washed once with M buffer and then incubated with PE-anti-rabbit (Cat.8885, 1:500; Cell Signaling) or PE-anti-mouse (Cat.8887, 1:500; Cell Signaling) for 30 min at 4°C. Mito-Tracker Green (MTG, 40 nM; Beyotime Biotechnology) was used to confirm mitochondrial identity. Ten thousand events were acquired on a FACSVerse flow cytometry system (BD Biosciences). Mitochondria were gated according to light scattering after doublets were excluded, then MTG staining and labelling with Drp1/p-Drp1 were assessed. All flow cytometry data were analyzed with FlowJo 7.6 (Treestar, Ashland, OR, USA). The dyes and antibodies used exhibited distinct spectral properties with minimal to no overlap. Where necessary, compensation was applied according to single-color control samples. An isotype control sample (1:50; Thermo Scientific, Rockford, IL) was also included in every experiment to ensure the specificity of the Drp1/p-Drp1. The percentages of Drp1 and p-Drp1 localized on mitochondria were calculated. All experiments were performed in duplicate, with 3 rats per group used for flow cytometry experiments.
Metabolomic analysis
Rats were sacrificed by decapitation, and specimens of the hippocampus and cortex were dissected immediately, snap-frozen in liquid nitrogen and stored at −80°C until later use. The frozen tissues (n = 8 per group) were weighed and ground by an electric homogenizer in pre-cooled methanol (4.000 ml/g) for 5 min. Then the homogenate was mixed with chloroform (4.000 ml/g) and water (2.854 ml/g) and ground for 2 min. After vortexing for 5 min, the mixture was centrifuged at 12, 000 rpm for 15 min at 4°C. The aqueous phase was separated from the organic phase and lyophilized for 24 hr. Lyophilized intracellular metabolite extracts were resolved in 550 μl of sodium phosphate buffer (50 H NOESY spectra were acquired on a Bruker Avance III 600 MHz spectrometer at 25°C using the pulse sequence [(RD)-90°-t1-90°-τm-90°-ACQ] (Bruker Biospin pulse program library). Water suppression was achieved by irradiation of the water resonance during the recycle delay of 4 s and the mixing time (τm) of 100 ms. A total of 32 transients with an acquisition time per scan of 2.66 s were collected in 64, 000 data points for each spectrum using a spectral width of 20 ppm. Chemical shifts were referenced to the methyl group of TSP at 0 ppm. Both phase and baseline corrections were carefully performed.
Data from NMR spectra were preprocessed using the MestReNova 9.0 software (Mestrelab Research, Spain) and MATLAB (Version 2011b; MathWorks, USA). The region of δ between 5.22-4.67 was excluded to eliminate artifacts related to the residual water resonance in each spectrum. The remaining regions of δ between 9.40-0.70 were binned in 0.001 ppm intervals and normalized to the integrated area of TSP.
Normalized integral values were divided by the masses of corresponding tissue samples to compensate for differences in sample concentration. Data were scaled by Pareto scaling for further multivariate statistical analysis. Principal component analysis (PCA) was performed using SIMCA-P+12.0 (Umetrics, Sweden) to reveal trends in the data and show clusters between samples. The parameters R 2 X (cum) and Q 2 (cum) were used to evaluate the quality of the PCA model, where R 2 X (cum) denotes the fraction of the sum of the squares of the explanation of the variables in the model, while Q2 (cum) represents the cross-validated explained variation. Partial least-squares discriminant analysis (PLS-DA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were subsequently conducted to check grouping trends. To measure the robustness of the PLS-DA model, cross-validation was performed using a random permutation test (200 cycles). The model was considered credible if all the Q2-values on the left were lower than the original point at the right, and the regression line of the Q2-points intersected the vertical axis below zero [30] . We used two criteria derived from the OPLS-DA loading plots to identify differential metabolites significantly responsible for the class separation: the variable importance value (VIP) of the projection [31] , and the correlation coefficients (r) of the variables. The loading plots were replotted in MATLAB using these two criteria. Variables were color-coded as follows: those with VIP > 1 and |r| ≥ the critical value of P = 0.01 were marked in red; those with VIP > 1 and |r| between the critical values of P = 0.05 and P = 0.01 were marked in orange; blue indicated variables with VIP < 1 or |r| < the critical value of P = 0.05. Relative concentrations of metabolites were calculated as the integral areas of their corresponding characteristic peaks.
Statistical analysis
Data from the MWM test were analyzed using a repeated-measure analysis of variance for comparisons between trials, whilst Student's test was used for comparisons between pairs of groups. Statistical analysis was performed using SPSS 18.0 (Chicago, IL, USA), with p < 0.05 considered statistically significant.
Results

Impaired cognitive function in T1DM rats
The MWM test showed that escape latency was not significantly different between the NC and DM rats from day 1 to day 3 during a 5-day training period. However, the escape latencies of the DM rats on days 4 and 5 were significantly longer than those of the NC rats (day 4: 20.3 ± 5.39 VS 5.6 ± 3.61, p < 0.05; day 5: 18.7 ± 5.23 VS 6.2 ± 2.98, p < 0.05; Fig. 1A ). Fig. 1B shows the swimming trajectory of NC and DM rats in the probe trial of the MWM test. In addition, DM rats made significantly fewer crossings of the target quadrant during the probe trial when compared to NC rats (p < 0.001; Fig. 1C ). Therefore, these results demonstrate learning and memory deficits in T1DM rats at 12 wk of age.
Impaired hippocampal mitochondrial morphology, distribution and function in T1DM rats
Given that mitochondria are important for maintenance of synaptic plasticity [16] , we examined the changes in hippocampal mitochondrial morphology, distribution and function. As shown in the electron micrographs in Fig. 2A , the mitochondria found in CA1 neurons of NC rats displayed an intact structure with clear cristae. However in DM rats, although mitochondrial membranes were relatively intact, many cristae within the mitochondria 2D ). These results suggest that mitochondria in DM rats were significantly swollen and lower in number. Consistent with these results, DM rats showed a clear reduction in hippocampal ATP level (p < 0.05; Fig. 2E ) and respiratory chain complex I activity (p < 0.05; Fig. 2F ) compared to NC rats. These results suggest that the cognitive decline observed in T1DM rats was associated with impaired hippocampal mitochondrial morphology, distribution and function.
Impaired mitochondrial dynamics in T1DM rats
It has been suggested that mitochondrial dynamics play a critical role in controlling mitochondrial distribution, morphology, and function [16, 32] . To explore the mechanisms underpinning the cognitive impairments in working and long-term memory shown in the MWM, expression levels of genes involved to mitochondrial dynamics were measured in hippocampal homogenates. Quantitative real-time PCR revealed that expression of Opa1 and Mfn2 did not differ significantly between groups, but that Drp1 mRNA levels were increased in DM rats compared to NC rats (Opa1 and Mfn2, p > 0.05; Drp1, p < 0.05; Fig. 3A) . However, as a major regulator of mitochondrial fission, Drp1 typically resides in an inactive form in the cytosol and on activation translocates to the mitochondria. In addition, experimental evidence suggests that phosphorylation of Drp1 at S616 is associated with mitochondrial elongation or fragmentation [33] .
Therefore, we next determined the levels of Drp1 protein specifically in mitochondria, using a method reported in recent studies that evaluates Drp1 protein levels in the mitochondrial outer membrane by flow cytometry [28, 33] . In this assay, isolated mitochondria derived from NC and DM rats were first selected/gated according to light scattering proper- Fig. 1 . Learning and memory impairments in DM rats compared to NC rats. (A) Escape latency was significantly longer for DM than NC rats at days 4 and 5; (B) Representative traces of swimming paths from each group in the probe test; (C) DM rats made significantly fewer crossings of the target quadrant during the probe trial when compared to NC rats; n = 15 per group; * p<0.05; *** p<0.001. Fig. 2 . Impairments in hippocampal mitochondrial morphology, distribution and function in T1DM rats. (A) Morphology of mitochondria in the hippocampus CA1 region. In NC rats, intact mitochondria with clear cristae were found, whereas far fewer cristae were observed in mitochondria from T1DM rats. The white arrowheads indicate mitochondria. Scale bar = 300 nm. No difference was found in the volume densities of mitochondria (B) between the NC and DM groups. Numeric density (C) and specific surface area of mitochondria (D) were lower in DM rats than in NC rats. Mitochondrial ATP production (E) and complex I activity (F) were reduced in the DM compared to NC group; n = 6 per group; * p<0.05; ** p<0.01. (Fig. 3B) . We then confirmed mitochondrial identity via positive labelling with the mitochondria-specific, membrane potential independent fluorescent probe MTG (Fig. 3C) . These criteria demonstrated that more than 90% of collected events in each experiment represented mitochondria. We observed increased Drp1 expression in isolated hippocampal mitochondria in DM rats (26.8%) compared to NC rat (6.5%), which was consistent with enhanced translocation of Drp1 to mitochondria following phosphorylation at S616 (23.0% vs. 5.5%; Fig.  3D ). These data suggest that an imbalance of mitochondrial fission and fusion affects mitochondrial morphology, distribution and function in hippocampus of T1DM rats.
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Effects of T1DM on metabolomic profiles in hippocampus and cerebral cortex
Our results indicate that perturbation of mitochondrial morphology, function and dynamics contributes to cognitive decline in STZ-induced T1DM rats. To determine how T1DM Fig. 4 and identified metabolites are listed in Table 1 . Resonance assignments were confirmed using the Human Metabolome Database (HMDB) (http://www.hmdb.ca/) and the Biological Magnetic Resonance Data Bank (BMRB) (http://www.bmrb.wisc.edu/ metabolomics/). We identified more than 30 metabolites in the hippocampus and cerebral cortex samples, which provided adequate information for assessing variations in metabolic profiles. In order to explore differences in the metabolic profiles, NMR spectra were further segmented and subjected to pattern recognition analysis. An exploratory PCA was applied to obtain a comprehensive comparison between the metabolic profiles of the samples (Fig.  5A and B) . In both the hippocampus and cerebral cortex samples, the score plot of the first two principal components (PC1 and PC2) revealed a clear separation between the DM and NC groups. This suggests that the metabolic characteristics of the two groups were distinctly different in both hippocampus and cerebral cortex. We further analyzed the hippocampus and cerebral cortex data from the two groups using PLS-DA models. Pronounced separations were observed between the DM and NC groups (Fig. 5C and D) , indicating their distinctly different metabolic profiles. The PLS-DA models were validated by random permutation tests ( Fig. 5E and F) . 6A and B show the corresponding loading plot with color-coded correlation coefficients (|r|) of OPLS-DA, indicating characteristic metabolites that significantly contributed to the separation between the metabolic profiles of the two groups. The importance of these metabolites in distinguishing metabolic profiles was ranked according to their VIP scores in the OPLS-DA model ( Fig.7A and B) , showing a huge overlap in identified metabolites between hippocampus and cerebral cortex tissue. Pair-wise comparisons of metabolite levels revealed the presence of characteristic signatures of mitochondrial toxicity, with altered tissue levels of energy metabolites, including lactate, creatine, 3-hydroxybutyrate, succinate, aspartate, alanine, acetate, adenosine. Furthermore, increased levels of glucose, lactate, 3-hydroxybutyrate and decreased levels of N-acetylaspartate (NAA), myo-inositol, creatine, acetate and adenosine in the DM rats strongly suggested the presence of mitochondrial stress and energy dysfunction. Decreased levels of ascorbate and glutathione also revealed that an impairment of mitochondrial antioxidant capacity. Unexpectedly, we found that hippocampus and cerebral cortex tissue had perturbations to very similar metabolic pathways (Fig. 7C and D) . These included significant alterations to metabolic pathways involved in energy metabolism, including: alanine, aspartate and glutamate metabolism; pyruvate metabolism; purine metabolism. Antioxidative metabolic pathways, including glutathione metabolism and ascorbate and aldarate metabolism, were also affected. In addition, we identified alterations in neurotransmitter metabolism including: glycine, serine and threonine metabolism; D-Glutamine and D-glutamate metabolism; and phenylalanine metabolism. Changes were also observed in lipid pathways, including metabolism of glycerophospholipid and inositol phosphate. Our metabolic profiling data therefore demonstrate that T1DM mainly affects metabolic pathways involved in mitochondrial energy failure and antioxidative system impairment.
Discussion
In the current study, we report mitochondrial abnormalities in morphology, function and dynamics in hippocampal neurons that contribute to cognitive decline in the STZinduced T1DM rat model. Application of metabolic profiling permitted the identification of metabolites and metabolic pathways, along with specific metabolic signatures of mitochondrial perturbation associated with T1DM. We believe that the present study may have broader implications for understanding the role of mitochondrial perturbation in synaptic failure and degeneration in T1DM.
Mitochondria are dynamic organelles that change their morphology through fission and fusion in order to maintain their function. It has been proven that increased Drp1/ p-Drp1(S616) levels enhance mitochondrial fragmentation [34] and that excessive 
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Cellular Physiology and Biochemistry fragmentation of mitochondria is implicated in the synaptic damage observed in neurodegenerative diseases [13, 35] and T2DM [15, 16] . Although both T1DM and T2DM have been associated with reduced performance in multiple domains of cognitive function and with abnormal brain structure and function in magnetic resonance imaging (MRI) studies, important differences exist. A primary distinguishing feature is that people with T2DM more often do poorly on measures of learning and memory compared to those with T1DM [17] . It is still not known whether or how mitochondrial characteristics change in the neurons of T1DM patients. In this study, we showed that STZ-induced T1DM rats had an impairment in learning and memory at 12 wk, as measured on the MWM test. We further demonstrated an increase both in Drp1 mRNA levels and recruitment of activated Drp1 and p-Drp1(S616) protein to mitochondria in hippocampi of T1DM model rats compared to control rats. In agreement with our observations, an earlier study reported increased mitochondrial fission associated with increased protein levels of Drp1 in cortical neurons of STZ-induced T1DM rats [36] . We further confirmed that mitochondrial morphology was altered in hippocampal neurons of T1DM rats using electron microscopy. Measurements of hippocampal mitochondrial function indicated significant reductions in ATP levels and respiratory chain complex I activity. These results suggest that T1DM impairs mitochondrial dynamics and increases mitochondrial fragmentation in hippocampal neurons, which may in turn contribute to cognitive decline. We used metabolomic analysis to identify perturbed mitochondrial metabolic signatures and reveal the mechanisms underlying mitochondrial dysfunction that may contribute to cognitive decline in T1DM. A major role for mitochondria in energy metabolism is the production of ATP via the tricarboxylic acid (TCA) cycle, electron transfer and oxidative phosphorylation. Although neurons have the receptors necessary to transport extracellular glucose directly, they prefer to use lactate provided by astrocytes. It has been proposed that around 80% of the total glucose entering the brain from the blood stream does so through astrocytes, and is subsequently converted into lactate for use by all types of brain cells; the other 20% accounts for the direct uptake of glucose by neurons [37] . In additon, ketone bodies and fatty acids are used as energy substrates under certain circumstances, such as during famine. Glucose and lactate enter mitochondria as pyruvate after undergoing glycolysis in the cytosol. In this study, relative to NC rats, glucose and lactate concentrations were significantly increased in DM rats. In contrast, TCA cycle intermediates such as aspartate and malate did not significantly differ, whereas a ATP levels were significantly lower in T1DM rats relative to controls. These findings suggest that hypometabolism of energy in the T1DM brain is related to impaired use of the substrates of energy metabolism. One study showed that if lactate is not metabolised and eliminated in a timely fashion, high levels of lactate in the brain of AD can cause cognitive dysfunction [38] .
Acetate is considered to be a fatty acid β-oxidation intermediate; therefore decreased acetate in hippocampus of T1DM rats suggests dysfunction in mitochondrial fatty acid β-oxidation, a key process that maintains cellular lipid homeostasis and provides energy for cell survival. Disruption of this process leads to bioenergetic failure and intracellular lipid accumulation. This ectopic fatty acid accumulation further inhibits mitochondrial function, leading to increased oxidative stress and apoptotic neuronal cell death in diabetes [39, 40] . Additionally, elevated levels of ketone bodies (acetoacetate, 3-hydroxybutyrate and acetone) in our study suggest that present of transformation of energy metabolism substrate. Increased ketone body deposition leads to ketosis, and the ketones produced suppress brain glucose consumption [41] , further aggravating the energy crisis in the diabetic brain.
Mitochondria play a crucial role in the detoxification of ROS. However, in our study, glutathione and ascorbate levels were decreased significantly in the brains of T1DM rats compared to controls, suggesting that T1DM impairs the antioxidant system in the brain. Mitochondrial ROS production is the main driver of accumulated cellular stress is primarily responsible for diabetes-associated impairments in mitochondrial function, such as dysregulation of calcium homeostasis and ATP synthesis [42] . In turn, defects in energy metabolism at the level of TCA cycle, electron transport chain and oxidative phosphorylation [45] . Increased myo-inositol and decreased NAA were reported to occur in the cortex and hippocampus of AD mice accompanying amyloid plaques [46] [47] [48] . Although changes in these metabolites have been observed in mild cognitive impairment (MCI) compared to healthy controls, they are not yet officially accepted for diagnosis of MCI in clinical settings or for Alzheimer´s diagnosis. In our study, decreased levels of NAA and increased levels of myo-inositol strongly suggest that mitochondrial stress occurs in T1DM. In addition, we also identified perturbed neurotransmitter metabolism, including excitatory and inhibitory neurotransmitters. These unexpected results can be interpreted as being a consequence of synaptic dysfunction, mainly due to an insufficient energy supply for neurotransmitter recycling and for maintenance of cellular electrochemical gradients [42] . In summary, the metabolic pathways (referenced to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database) implicated in the pathogenic processes of T1DM-induced mitochondrial dysfunction are shown in Fig. 8 .
However, several limitations or further studies should be considered on the basis of the present study. Firstly, we used the mouse primer sequence in the Quantitative real-time PCR section, which is as a possible limitation of the PCR results. Secondly, further investigations are required into whether inhibiting mitochondrial fission can provide neuroprotection for cognitive decline in T1DM. Our results could be built upon by using of Drp1 conditional knockout animals or Drp1 dominant-negative adenoviruses. Thirdly, there is evidence that STZ itself may induce imbalances in brain energy metabolism and other metabolism pathways following intracerebroventricular injection [49, 50] . Although there is no direct evidence that intraperitoneal injection of STZ affect intracephalic metabolism through the blood brain barrier, the findings of the current study should be confirmed in other animal diabetic models. Lastly, it should also be noted that the results reported here regarding perturbed metabolic pathways do not measure direct interactions between molecules. In future, analysis methods could be used which accurately quantify direct interactions or which measure direct dependencies within regulatory networks. 
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In conclusion, our results show that abnormalities in mitochondrial morphology, function and dynamics in hippocampal neurons contribute to cognitive decline in STZinduced T1DM rats. Metabolomic analyses demonstrated that the main effects STZ-induced T1DM were to dysregulate metabolic pathways leading to mitochondrial energy failure and antioxidative system impairment. Our study sheds light on the underlying mechanisms of T1DM-associated cognitive decline from a mitochondrial perspective and could be of benefit in developing future treatments for this disorder.
Cellular Physiology
and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
